Energy Correlation in Above-Threshold Nonsequential Double Ionization at 800 nm 
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We have investigated the energy correlation of the two electrons from nonsequential double ioniza- 
tion of helium atom in 800 nm laser fields at intensities below the recollision threshold by quantum 
calculations. The circular arcs structure of the correlated electron momentum spectra reveals a res- 
onant double ionization process in which the two electrons transit from doubly excited states into 
continuum states by simultaneously absorbing and sharing excess energy in integer units of the pho- 
ton energy. Coulomb repulsion between the two electrons in continuum states is responsible for the 
dominant back-to-back electron emission and two intensity-independent cutoffs in the two-electron 
energy spectra. 

PACS numbers: 32.80.Rm, 32.80.Fb, 32.80.Wr 

Electron-electron correlation in nonsequential double 
ionization (NSDI) of atoms and molecules by a short laser 
pulse at near-infrared (NIR) wavelengths has become the 
standard example for studies of dynamical electron cor- 
relations, which govern the dynamics of many phenom- 
n 

ena in nature Thus, it has been investigated exten- 
sively both in experiment and in theory 
lfj, 11 1 in the past two decades. The physical mech- 
anism responsible for NSDI is well established via the 
classical "recollision model" [12]. In this model, the first 
ionized electron is driven back to its parent ion by the 
oscillating laser field, causing the ionization of the second 
electron in a direct (e, 2e)-like encounter or indirectly via 
recollision-induced excitation of the ion plus subsequent 
field ionization (RESI) 



4.5 x 10 W/cm laser pulse is contributed by binary 
and recoil recollisions [r]] . At a higher intensity, the cor- 
related momentum spectrum exhibits a pronounced V- 
shaped structure, which is explained as a consequence of 
Coulomb repulsion and typical (e, 2e) kinematics [ijj. At 
intensities below the recollision threshold, a very recent 
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At high laser intensities, two recent experiments 
\\\ revealed some novel dynamical details in (e, 2e) pro- 
cess. The fingerlike structure in the correlated electron 
momentum spectrum from NDSI of He by a 800 nm, 



experiment of double ionization of Ar 15j found dom- 
inant back-to-back emission of the two electrons along 
the laser polarized direction, in striking contrast to pre- 
vious findings at higher intensities. In addition, this 
experiment confirmed a predicted intensity-independent 
high-energy cutoff in the two-electron energy spectra [l(| . 
However, the detailed microscopic dynamics in RESI pro- 
cess has remained unknown. 

Quantum-mechanical calculations of multiphoton dou- 
ble ionization of He at extreme ultraviolet (XUV) wave- 



lengths 
lengths 



17 ] , as well as visible and ultraviolet (UV) wave- 
18| , demonstrated nonsequential double-electron 



* Corresponding author: lupeixiang@mail.hust.edu.cn 



above-threshold ionization from which the two-electron 
energy spectrum shows peaks separated by the photon 
energy. Recent experiments on double ionization of He 



and Ne by strong free-electron laser pulses 0, H ob- 

served a dominant NSDI process in which the two elec- 
trons can absorb two vacuum ultraviolet photons res- 
onantly. Unlike NSDI at XUV and ultraviolet wave- 
lengths in which the two electrons transit directly from 
the ground state into continuum states, at NIR wave- 
lengths they are ionized from excited states into contin- 
uum states after recollision for RESI mechanism and this 
process is sequential according to Ref. 4] ■ Does the res- 
onant double ionization also exist in NSDI of atoms at 
NIR wavelengths? 

In this Letter, we investigate the correlated electron 
momentum and energy spectra from NSDI of helium 
atoms by ultrashort 800 nm laser pulses at intensities be- 
low the recollision threshold by numerically solving the 
two-electron time-dependent Schrodinger equation. Our 
calculations excellently reproduce the experimental re- 
sults in and most importantly, reveal that a reso- 
nant double ionization process dominates in RESI mech- 
anism. We draw a new NSDI scenario: firstly doubly 
excited states are formed by recollision, then the elec- 
trons simultaneously absorb an integer units number of 
photons and share excess energy, transiting into contin- 
uum states and followed by a release of Coulomb re- 
pulsion energy between the electrons in the continuum 
states. This NSDI scenario can provide reasonable ex- 
planations for the back-to-back emission of the electrons 
and two intensity-dependent cutoffs in the two-electron 
kinetic energy spectra predicted in our calculations, as 
well as observed in the experiment 

The experiment [151 ] has shown that at intensities be- 
low the recollision threshold no effect of Coulomb repul- 
sion between the two electrons is found in the direction 
perpendicular to the laser polarization. Hence, we em- 
ploy a "one-plus-one" -dimensional model of an helium 



atom with soft Coulomb interactions, where the motion 
of both electrons is restricted to the laser polarization 
direction j^]. We use the split-operator spectral method 
2l| to numerically solve the two-electron time-dependent 
Schrodinger equation (in atomic units) 

d 

-i—^{ Zl ,z 2 ,t) =H(zi,z 2 ,t)V(z 1 ,z 2 ,t), (1) 

where zi,z 2 are the electron coordinates. H(zi, z 2l t) is 
the total Hamiltonian and reads 

H(z u z 2 ,t) ------- 

+ Tl = = + {zi+z 2 )E(t). (2) 

E(t) is the electric field of a laser pulse. Following Ref. 
[3], the two-dimensional space is partitioned into two 
outer regions: (A) {\z\\ < a}, or {\z 2 \ < a} and (B) 
{| 2 i| 5 \z 2 \ > a} with a = 150 a.u. The final results are 
insensitive to the choice of a ranging from 100 to 200 a.u. 
In region A, the wave function is propagated exactly in 
the presence of combined Coulomb and laser field po- 
tentials. In region B, which corresponds to double ion- 
ization, all the Coulomb potentials between the particles 
are neglected and the time evolution of the wave function 
can be performed simply by multiplications in momen- 
tum space. The two regions are smoothly divided by a 
splitting technique [22] . At the end of the propagation, 
the wave function in region B yields the two-electron mo- 
mentum and energy spectra from double ionization. 

Our calculations use trapezoidally shaped 800 nm laser 
pulses with a total duration of 10 optical cycles, switched 
on and off linearly over 2 optical cycles. A very large grid 
size of 5000 x 5000 a.u. with a spatial step of 0.3 a.u. 
is used, while the time step is 0.1 a.u. The very large 
grid provides sufficiently dense continuum states [lsI ] to 
yield highly accurate two-electron momentum and energy 
spectra. The initiate wave function is the two-electron 
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FIG. 1: (color online) Correlated electron momentum distri- 
butions for double ionization of He at the intensities (a)0.1 
PW/cm 2 , (b)0.15 PW/cm 2 . The units are arbitrary. 



ground state of He obtained by imaginary-time propa- 
gation. After the end of the pulse, the wave function 
is allowed to propagate without laser field for an addi- 
tional time of 10 optical cycles. The final results do not 
change any more even though the wave function propa- 
gates without laser field for a longer additional time. 

Fig. 1 shows the resulting two-electron momentum 
spectra from double ionization of He at various intensi- 
ties below the recollision threshold. These correlated mo- 
mentum spectra exhibit several significant features. The 



first and most striking feature of the momentum spectra 
is serried concentric arcs, which are most pronounced on 
a logarithmic scale (see Fig. [5]). The concentric arc satis- 
fies — constant and it will be shown below that the 
energy separation between adjacent arcs is the laser pho- 
ton energy of tuo, where to is the laser frequency 0.057 
a.u. This reveals the dominance of a resonant double 
ionization process in which the two electrons are strongly 
correlated. The second feature is that the momentum dis- 
tributions deviate significantly from the diagonals, which 
is a sign that the mutual Coulomb repulsion between the 
two electrons is released in continuum states. 

The quantum calculations of double ionization of 
atoms by strong laser pulses at XUV [l?! and UV 
wavelengths, have shown concentric circles in the cor- 
related electron momentum distributions. However, no 
effect of Coulomb repulsion is found in the correlated 
electron momentum distributions. These concentric cir- 
cles correspond to a resonant double ionization process, 
in which the strongly correlated two electrons simulta- 
neously absorb and share energy in integer units of the 
photon energy, transiting from the two-electron ground 
state into continuum states with the assistance of the 
Coulomb potential between the two electrons. This 
process has been called non-sequential double-electron 
above-threshold ionization (NS-DATI) [17J . Likewise, the 
first feature found in Fig. 1 also reveals a similar reso- 
nant double ionization process. The distinction between 
the two resonant double ionization processes is that the 
two electrons transit from the ground state for XUV and 
UV wavelengths, while from the doubly excited states for 
N1R wavelength, into continuum states. 

The last two features of the momentum spectra in Fig. 
[TJ which have been observed in the experiment [15I ]. are 
the dominance of back-to-back emission of the two elec- 
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FIG. 2: (color online) Log plot of the correlated electron mo- 
mentum distributions for double ionization of He at the in- 
tensities (a)0.1 PW/cm 2 , (b)0.15 PW/cm 2 . The units are 
arbitrary. 

trons) and a clear minimum in a significant area around 
the origin. The back-to-back emission is considered to 
be the result of multiple inelastic field-assisted recolli- 
sions by the authors of 15]. However, this explanation 
seems to be unreasonable since the probability of multi- 
ple recollisions is extremely low. Here, we consider the 
release of the strong Coulomb repulsion between the two 
electrons in continuum states to be responsible for the 
lase three features. More details of our explanation are 
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given in the proposed scenario below. 

According to these dominant features of the correlated 
electron momentum spectra in Fig. 1 remarked above, we 
draw a scenario for the corresponding double ionization 
process. At intensities below recollision threshold since 
the kinetic energy of the recolliding electron is not enough 
to directly free the second one , strongly correlated, dou- 
bly excited states are formed by recollision. Then, the 
two electrons transit rapidly from excited states into con- 
tinuum states by simultaneously absorbing a number of 
NIR photons and sharing excess energy in units of the 
photon energy. The Coulomb repulsion between the two 
electrons can not be released in time in such a rapid pro- 
cess. As a consequence, the effect of Coulomb repulsion 
takes place along the laser polarization direction in con- 
tinuum states. Near the field maxima double ionization 
is most probable and the electrons acquire small drift 
momenta from the laser field, thus Coulomb repulsion 
between the electrons leads to the dominance of back- 
to-back emission and the small drift momenta acquiring 
from the laser field lead to the electron momentum distri- 
butions in the second and forth quadrants deviating from 
the minor diagonal. When freed near the zero field, the 
electrons can acquire the same large drift momenta from 
the laser field. Similarly, Coulomb repulsion between the 
electrons leads to the electron momentum distributions 
in the first and third quadrants off the main diagonal. 
Moreover, Coulomb repulsion between the electrons also 
results in the minimum at the origin in the momentum 
distributions. 

The double ionization process based on this scenario 
can be called recollision-induced doubly excitation with 
subsequent above-threshold double ionization. Within 
this double ionization scenario, the high-energy cutoffs 
in the two-electron kinetic energy spectrum can be well 
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FIG. 3: Two-electron kinetic energy spectra for double ion- 
ization of He from Fig. [T] 
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FIG. 4: (color online) Kinetic energy spectra of one ionized 
electron from double ionization of He from Fig. [T] 



explained. Fig. [3] shows the total kinetic energy spec- 
tra of both emitted electrons from Fig. [TJ Very simi- 
lar to the above-threshold ionization electron spectrum, 
the two-electron spectrum also exhibits peaks spaced by 
the photon energy hw, implying a strong energy corre- 
lation of the two electrons. Moreover, a plateau with 
an intensity-independent cutoff energy of about 5.3U P is 
evident in the spectra. Beyond this plateau the spectra 
decay exponentially until another intensity-independent 
cutoff energy of about 9.3U p . Beyond 9.3U P , the multi- 



photon effect vanishes quickly and a background plateau 
follows. 

The 5.3U P cutoff has been predicted at 390 nm [16] 
and observed at 800 nm (see Fig. 1(c) in IE Q. The 
9AU P cutoff is also significant in Fig. 1(c) in 15j, but 
not pointed out explicitly by the authors. The difference 
between the two cutoffs is 4[/ p , just twice of the maxi- 
mum energy a "free" electron can gain from an oscillat- 
ing field. Surprisingly, the spectra ranging from 5.3C/ p 
to 9.3U P decay exponentially, very similar to single ion- 
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23J. Thus, 



ization spectra ranging from to 2U P 
we propose that the maximum Coulomb repulsion en- 
ergy between the electrons corresponds to the 5.3C/ p cut- 
off. An additional energy of 4U p , the maximum energy 
the two electrons can gain from the oscillating field, plus 
the maximum Coulomb repulsion energy, is responsible 
for the 9.3U P cutoff. Fig. [4] shows an evident intensity- 
independent cutoff energy of about 3AU P in the spectra 
of one electron from double ionization. This reveals that 
for the first plateau region one electron can share a max- 
imum energy of 3.4C/ p , while the maximum energy of the 
other can share is 1.9U p . 

In summary, we have found a new resonant double ion- 
ization process at 800 nm and intensities below the recol- 
lision threshold, in which both electrons simultaneously 
absorb and share energy in integer units of the photon 
energy, transiting from doubly excited states into con- 
tinuum states. The effect of Coulomb repulsion between 
the two electrons plays an important role in the elec- 
tron dynamics in continuum states. This double ioniza- 
tion scenario provides a reasonable explanation for the 
dominant features in the correlated electron momentum 
spectra and the two intensity-independent cutoffs in the 
two-electron kinetic energy spectra. The peaks structure 
and the two cutoffs in the energy spectra are signatures 



of strong energy correlation of both electrons. 
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